The aim of this work is to study residual stresses (RS) in PVD TiN and CrN coated ADI substrates with different nodule counts, austempering temperatures and surface finishing methods (grinding and polishing). Coatings were applied by arc ion plating using an industrial reactor and different sets of processing parameters. Residual stress measurements were performed by x-ray diffraction using the sin 2 ψ method along two principal axes on the samples surface (parallel and perpendicular to the substrate abrasion direction). The film thickness, hardness and adhesion of each coated sample were also evaluated.
Introduction
Austempered ductile iron (ADI) is increasingly being used as an application material for the manufacturing of mechanical components due to its wide range of mechanical properties. [1] [2] [3] In applications where components require high wear resistance and must be frequently replaced, surface treated ADI emerges as an advantageous alternative to very high-cost high-strength alloy steels, commonly used in these days. However, any surface treatment involving ADI exposure to high temperature during long periods may cause changes in the ausferritic microstructure and negatively affect the mechanical behavior of the material. 4) In the last decade, significant advances have been made in the application of PVD coatings of different materials on ADI substrates. Several authors have accounted for improvements in high cycle fatigue resistance, corrosion resistance and hardness. [5] [6] [7] [8] More recent studies have reported that duplex coatings (electroless nickel and CrTiAlN PVD film) provide better performance against erosive wear than monolithic films and reduce the friction coefficient of ADI. 9) All these studies applied processing temperatures of up to 300°C and reported no deterioration of ADI micro-structure.
On the other hand, the authors of the present work found different sets of industrial-use processing parameters producing PVD TiN and CrN coatings of acceptable characteristics as far as film thickness, hardness and adhesion are concerned, causing no significant deterioration of ADI microstructure. 10) Additionally, the analysis of the effects of the substrate characteristics on the coating properties evidenced little influence of the austempering temperature and nodule count. 11) Studies were performed on manual polished substrates with SiC waterproof paper of different grit sizes.
Grinding is one of the most commonly used processes in the industry for surface finishing of mechanical components. The abrasive cutting of grinding produces, depending on the workpiece material in question, wheel characteristics and grinding conditions (workpiece speed, wheel speed and depth of cut per pass), plastic deformation and high temperatures in the workpiece-wheel contact area. As a result, surface hardening and RS are generated, which may affect the service behavior of the components as well as the properties of the coatings deposited.
Coating deposition is inherently associated to RS generation in the film due to the superimposed effect of two components: intrinsic stresses resulted from the nucleation and growth of the film on the substrate, and thermal stresses generated from cooling after deposition due to differences in © 2013 ISIJ the thermal expansion coefficients of the film and substrate. 12) Generally speaking, PVD processes result in compressive RS that could range from a few GPa to values above -10 GPa. [13] [14] [15] The residual stress state of a coated sample depends on the substrate characteristics, coating materials and processing parameters. 12, [16] [17] [18] [19] Surface roughness could also affect the stress state. 20) Regarding RS influence on the service behavior of coated systems, data reported in the literature indicate that high compressive RS can improve the wear resistance of these systems, [21] [22] [23] [24] however, higher compressive stresses also increase the possibility of film detachment during system duty in tribological applications. 23, 24) One of the most common techniques for residual stress measurement in thin films is x-ray diffraction (XRD). The traditional XRD technique is known as the sin 2 ψ method. 25) In this approach, a specific diffraction plane is selected and the interplanar spacing is measured from a sample scan at different specimen tilt angles (ψ), the angle between the diffraction plane normal and the specimen surface normal. Afterwards the residual strain can be derived from the slope of a linear plot between the fractional change of the plane spacing (i.e., strain) and sin 2 ψ. In most cases a bi-axial stress model is then used to convert the strain measured into stress.
To the best of the authors' knowledge, there is no information available regarding RS generated in PVD coated ADI substrates, nor about the effects of the substrate surface characteristics due to an industrial-use grinding process on coating properties. On this basis, the aim of this work is to study RS in PVD TiN and CrN coated ADI substrates with different nodule counts, austempering temperatures and surface finishing methods (grinding and polishing). Coatings were applied by arc ion plating using an industrial reactor and different sets of processing parameters. The film thickness, hardness and adhesion of each coated sample were also assessed.
Experimental Procedures

Substrate Material and Samples Preparation
The material utilized in this work was ductile iron produced in a 55 kg middle-frequency induction furnace (3 KHz). The melt was conventionally nodulized and inoculated. 11) Several 4 and 6 mm thick plates, together with 13 mm Y-blocks, were cast in sand moulds to obtain different nodule counts.
The chemical composition of the material (wt.%), analyzed by optical emission spectrometry, was: C = 3.4; Si = 2.7; Mn = 0.21; S = 0.008; P = 0.027; Mg = 0.033 and Fe balanced. The carbon equivalent was eutectic (CE = 4.3). Based on comparisons with charts, nodularity exceeded 90% in all casting thicknesses.
The plates and Y-blocks were cut and machined by mechanical shaping in order to obtain prismatic samples of approximately 30×30×4 mm. Low-energy cutting conditions were applied to minimize RS generation.
Later, samples were subjected to austempering heat treatments, which consisted in austenitizing at 910°C for 120 min, austempering in a salt bath at temperatures of 280°C and 360°C for 90 min, and subsequent air cooling to room temperature. The samples austempered at 280°C and 360°C were identified as ADI280 and ADI360, respectively.
Samples Surface Finishing
The heat treated samples were subjected to different surface finishing methods for comparative purposes: an industrial-use grinding process and a laboratory-use polishing process.
Conventional surface grinding was carried out on a horizontal-spindle (peripheral) surface grinder using typical industrial-use cutting conditions. Three roughing passes and one finishing pass were performed on each sample. The finishing pass aims to generate low surface roughness. A vitrified wheel with SiC abrasive grains, identified as IC36/ 46I/J5V9, was employed. A 5% aqueous solution of Dromus B soluble oil was used as cooling fluid.
On the other hand, a manual polishing using 220 and 1 000 grit sizes SiC waterproof paper was performed in order to obtain different surface roughnesses.
PVD Coating Process
CrN and TiN coatings were applied by arc ion plating (AIP) in an industrial reactor, using different sets of processing parameters. Prior to deposition, the samples were thoroughly degreased, ultrasonically cleaned, rinsed with alcohol and dried with warm air. Inside the deposition chamber, the samples were cleaned once again by bombardments with energetic ions. Tables 1 and 2 list the process parameters used to deposit TiN and CrN, respectively.
The authors of the present work reported previously that substrates temperatures close to 300°C with deposition times of up to 240 min did not promote noticeable changes in substrates microstructure, while those performed at temperatures of 400°C and above, as in process B, produced a clear deterioration of the ausferritic microstructure even for short deposition times. 10) However, the analysis of process B provides elements of interest to the present study.
Substrates and Coatings Characterization
The values of the average nodule count corresponding to each casting thickness were determined by optical micros- copy and digital image processing, taking a 5 μm nodule diameter as threshold value. The Knoop hardness (15 g load) of the substrates was established using a microhardness tester. Table 3 lists the nodule count and Vickers hardness values of the polished substrates. The conventional arithmetic average roughness (Ra) of the uncoated and coated samples was analyzed using a stylus profilometer (Taylor Hobson Surtronic 3+) with a 4 mm evaluation length (cut-off, 0.8 mm). The measurements were performed along the perpendicular axis to the substrate abrasion direction. In addition, a statistical study of the coated samples roughness was performed using the heightheight correlation function H(r,t). 26) The height-height correlation function contains at least two important parameters: the lateral correlation length ξ and the roughness exponent α. The lateral correlation length ξ provides a length scale which distinguishes the shortrange and long-range behaviors of the rough surface. The roughness exponent α describes the local surface roughness. A larger value of α (> 0.5) corresponds to a smooth shortrange surface, while the small value of α (< 0.5) corresponds to a more jagged local surface morphology. 27) Phase identification and residual stress measurements in substrates and coatings were performed by x-ray diffraction (XRD). A Phillips XPERT-PRO diffractometer was utilized, with Cu Kα radiation (λ = 1.5418 Å) at 40 kV and 40 mA.
XRD patterns for phase identification were recorded in a 2θ range from 30° to 150° in steps of 0.02° and with a counting time of 1 second per step.
Residual stress measurements were conducted using the sin 2 ψ method, with the assumption of a biaxial stress state.
High diffraction angles, 2θ > 100°, are recommended in order to maximize the peak shift due to stresses, lower the effects of misalignment, and obtain enough data points for the best d-spacing vs. sin 2 ψ plot possible.
In this study the optimal diffraction peaks for the coatings were TiN and CrN (422). Other diffraction peaks were also examined, but proved less suitable than TiN and CrN (422) did. The 2θ angle ranged from 120° to 132° for TiN and from 125° to 135° for CrN, with a 2θ step of 0.05° and 5 seconds per step. The peak profiles were recorded at ψ tilt angles of 0°; 25.29°; 37.17°; 47.73° and 58.69°, respectively.
The optimal diffraction peak for the polished and ground substrates was Fe-α (222). The 2θ angle ranged from 134°t o 140°, with a 2θ step of 0.05° and 5 seconds per step. The peak profiles were recorded at ψ tilt angles of 0°; 26.57°; 39.23°; 50.77° and 63.44°, respectively.
In order to investigate the anisotropy of the residual stress state, the measurements were carried out along two principal axes on the samples surface (parallel and perpendicular to the substrate abrasion direction). Both directions are shown in Fig. 1 .
The x-ray elastic constants (XEC's) values used to calculate the stresses in substrates and coatings are reported in Table 4 .
Coatings thickness was measured on fractured cross sections micrographs, obtained by SEM (JEOL JSM-6460LV).
The Knoop microhardness (15 g load) of the coated samples was determined using a microhardness tester.
Coating adhesion was evaluated using the Rockwell-C adhesion test (150 kg load), using a universal hardness tester. 28) Figure 2 illustrates typical x-ray spectrums of uncoated and coated ADI samples. The spectrums of the coated samples not only revealed the coatings main diffraction peaks but also some substrates peaks, since the penetration depth of the X-rays is greater than the film thickness. Regardless of the different substrates, surface finishing methods and processing parameters utilized, TiN and CrN coatings yielded a strong (111) and (220) preferred orientation, respectively.
Results and Discussion
XRD Characterization
It is known that for a highly textured coating under the symmetric Bragg-Brentano diffraction geometry, high angle peaks might be too weak to be conveniently measured and may not even be found. Fortunately, TiN and CrN (422) peaks provided sufficient intensity for the accurate determination of peak positions and exhibited the lowest dispersion for residual stress measurement. As an example, Fig. 3 shows a high angle diffraction pattern of a TiN coated sample wherein reflection (422) can be seen. Table 5 reports the roughness data of the polished ADI Fe-α (222) -0.79 4.31 27) © 2013 ISIJ samples coated with TiN (process C) and CrN (process F) for different nodule counts and austempering temperatures. Polishing condition: 1 000 grit size paper. Tables 6 and 7 compare the film thickness, microhardness, and RS values of the TiN and CrN coated samples.
Residual Stress State of Coated Samples
Effect of Substrate Characteristics
The Ra values of the uncoated samples increase as nodule count decreases. As the authors of the present work reported previously, 11) this fact can be ascribed to the coarsening of the matrix as nodule count decreases as well as to the partial or complete graphite removal of certain surface nodules during the polishing stage.
The deposition processes alter the surface roughness of the samples, leading to an increase in Ra. As reported previously, 11) this increase can be assigned to the attachment of Ti or Cr droplets to the growing film which are generated on the target surface during arc evaporation. The lateral correlation length and the roughness exponent for all the TiN coated samples are close to 12.5 μm and 0.85, respectively. This values validate the roughness measurement method employed and the Ra values obtained.
The film thickness of TiN and CrN coated samples is close to 2 μm.
The Knoop microhardness of TiN and CrN coated samples increases as nodule count does and as the austempering temperature decreases, following the hardness trend of their respective substrates (see Table 3 ).
The RS of the coated samples are compressive, close to -5.6 GPa for TiN and to -3.2 GPa for CrN. The RS in the parallel and perpendicular directions do not vary significantly, indicating a rotationally symmetric biaxial stress state. Similar results has been reported by other authors for CrN coatings deposited by the same process (ion plating) on steel substrates. 29) The different substrate characteristics regarding microstructure, hardness and surface roughness generated by austempering temperature and nodule count variations do not affect the RS values of the coated samples.
The evaluation of the substrate characteristics effect on the RS of the coated samples can be completed with the analysis of their two components: the intrinsic and thermal stresses. The latter can be calculated with the following equation: 30) , where Ef and υf are the elastic modulus and the Poisson's ratio of the film, Δλ is the difference between the expansion coefficients of the film and the substrate, and ΔT is the temperature drop from the deposition temperature to room temperature. Table 8 lists the elastic and thermal properties of the materials studied in the present work.
The thermal stresses of the different substrates vary from -0.55 to -0.62 GPa for TiN and from -0.69 to -0.74 GPa for CrN. These values are considerably lower than the RS measured. Therefore, the intrinsic stresses generated during film growth on the substrate turned out to be the main component of the RS. Besides, intrinsic stresses are not influenced by the different substrate characteristics.
Effect of Coating Material and PVD Processing
Parameters Table 9 reports the film thickness, microhardness and RS values of the polished ADI samples coated with TiN and CrN for different deposition conditions.
It can be observed that the different deposition conditions promoted a wide range of film thicknesses and hardnesses.
The RS of the coated samples are compressive and cover a range of -4.09 to -6.10 GPa for TiN and of -3.17 to -3.34 for CrN. The RS in the parallel and perpendicular directions do not vary significantly. The values obtained fall within the range reported in the literature for TiN and CrN coatings deposited by PVD techniques on different substrates. 29, [31] [32] [33] [34] The RS of the CrN coated samples are significantly lower than those of the TiN coated samples. This fact can be attributed to the lower difference between the lattice parameters of ADI substrates and CrN coatings.
It can also be noticed that the increase in film thickness leads to an increase in microhardness and RS of the coated samples. This behavior has been reported by other authors for TiAlN coatings with film thicknesses similar to those used in this work and deposited by the same process (ion plating) on stainless steel substrates. 35) RS increase with film thickness is ascribed to the continuous bombardment of the growing film with highly energetic ions, which enhances lattice dilatation and the development of compressive stresses in the film.
In films of similar thickness (processes B and C), a high substrate temperature combined with low values of BIAS voltage, arc current and chamber pressure lead to a reduction of microhardness and RS. In previous works by other authors about RS in TiN, TiAlN and DLC films deposited by various PVD techniques on substrates of different materials, similar results have been reported. It was found that as substrate temperature increases, 36) and BIAS voltage and arc current decrease, 16, 35, 37, 38) so does RS.
The adhesion strength quality of TiN and CrN coatings to the polished substrates can be related to indices ranging from HF1 to HF2. Adhesion was affected neither by the different deposition conditions nor by the different substrate characteristics generated by the austempering temperature and nodule count variations. Figure 4 depicts the imprints resulting from the Rockwell-C adhesion test. Table 10 provides the roughness data of the ground and polished ADI samples coated with TiN (process D) and CrN (process G). Polishing condition: 220 grit size paper. Table  11 compares the film thickness, microhardness, and RS values of the TiN and CrN coated samples.
Effect of Substrate Grinding
The Ra values of the substrates are close to 0.19 μm for the different surface finishing methods employed, meanwhile the Ra values of the TiN and CrN coated samples are close to 0.23 μm. The lateral correlation length and the roughness exponent for all the samples are close to 8.6 μm and 0.87, respectively. This suggests that the dynamics of roughness evolution is quite similar during the deposition of the different coatings. 39) The film thickness of TiN and CrN coated samples is close to 2.4 μm for the different surface finishing methods employed. The Knoop microhardness of TiN and CrN coated samples is higher for ground substrates due to the surface hardening producing the abrasive cutting.
The RS of the substrates are compressive and vary with the surface finishing method employed. The RS values of the polished substrates are -0.95 and -0.71 GPa in the parallel and perpendicular directions, respectively. These values are consistent with data reported in a previous work, which explored the effect of the austempering heat treatment on the RS of ductile iron plates. 40) Consequently, it can be close to -5.9 GPa for TiN and to -3.3 GPa for CrN, independently of the measurement direction. The plastic deformation of the substrates surface layer generated during the grinding process exerts no appreciable influence on the RS of coated samples. It can be seen that the differences in RS values of the coated samples are primarily caused by the coating material.
The adhesion strength quality of TiN and CrN coatings to ground substrates can be related to HF1. As it can be noticed, the abrupt change of properties in the substratecoating interface with respect to hardness and RS does not exert appreciable influence on adhesion. Figure 5 illustrates the imprints resulting from the Rockwell-C adhesion test.
It is worth mentioning that the surface characteristics resulting from the different stages of the production process of PVD coated ADI parts, i.e., austempering heat treatment, substrate surface finishing method and PVD coating process, were successfully determined in the present work. Therefore, it can be considered that the data reported herein may be useful for users and producers of ADI components.
Conclusions
TiN and CrN PVD coatings deposited on ADI substrates with different nodule counts and austempering temperatures have a strong preferred orientation, regardless of the surface finishing methods and processing parameters utilized.
RS of TiN and CrN coated samples are compressive. The parallel and perpendicular RS with respect to the substrate abrasion direction do not vary significantly, indicating a rotationally symmetric biaxial stress state.
The different substrate characteristics regarding microstructure, hardness and surface roughness do not affect RS values.
The main variables influencing the microhardness and RS of coated samples are coating material, film thickness and PVD processing parameters.
The RS of the CrN coated samples are significantly lower than those of TiN coated samples.
The different deposition conditions evaluated promote a wide range of film thicknesses. Microhardness and RS of coated samples increase with film thickness.
In films of similar thickness, a high substrate temperature combined with low values of BIAS voltage, arc current and chamber pressure lead to a reduction of the microhardness and compressive RS.
The grinding process produces surface hardening and a reduction of the compressive RS in ADI substrates, however, it causes no variations in the RS of the TiN and CrN coated samples. The adhesion strength quality of the coatings to ground substrates can be related to HF1.
The abrupt change of properties in the substrate-coating interface regarding hardness and RS does not exert appreciable influence on adhesion, although its effect on the behavior of mechanical components subjected to external stresses can be expected to be more significant.
